Introduction
An extensive experimental investigation on the spout region in slag covered metallic melts was carried out recently by Yonezawa and Schwerdtfeger. 1) A video photographic technique was applied by these investigators to measure the area of the exposed eye of the spout as a function of gas flow rates (Q), gas injection nozzle dimensions (d o ), slag layer thickness (H) and liquid depth (h) in two different gas agitated systems namely, a mercury-silicon oil cold model and a 350 t industrial size argon stirred ladle. To quantify their measurements, empirical correlations between two dimensionless groups, namely, A es /hH and Q 2 /gH 5 (for symbols refer to nomenclature) were developed through regression. One of their correlations, valid for 0.5 mm nozzle diameter, is presented below.
... (1) It was suggested by Yonezawa and Schwerdtfeger 1) that exact relationships between, A es /hH and Q 2 /gH 5 are specific to gas injection nozzle dimensions. Despite many uncertainties in the plant scale measurements it was also noted by the authors 1) that both plant scale as well as cold model data can be correlated reasonably well via similar functional relationship, such as the one presented above.
In a subsequent and more recent study published in this journal, Subagyo et al. 2) argued that the dimensionless variable, A es /hH, employed to characterize the surfacing plume eye area earlier, 1) is difficult to justify from a physical standpoint. It was also suggest 2) that the dimensionless correlations, proposed by Yonezawa and Schwerdtfeger, 1) do not unify the plant as well as cold model measurements sufficiently accurately. A need for an unique, physically meaningful and relatively more accurate correlation was therefore advocated by these authors.
2 , as is evident from Fig. 1 .
2)
The arguments and analysis presented by Yonezawa and Scwerdtgfeger 1) as well Subagyo et al. 2) in support of their empirical correlations contradict published literature as well as theory on several counts and therefore, can be debated. For example, • A large number of investigations carried out till date indicate [3] [4] [5] that hydrodynamic conditions at nozzle/tuyere are not critical to the overall performance of the gas stirred ladle systems. As such, the geometry and dimension of the gas injection nozzle do not influence a wide range of phenomena in Froude dominated ladle flows to any significant extent. In view of such, it is difficult to rationalise empirical correlations 1) for spout eye area specific to nozzle dimensions.
• Subagyo et al. 2) failed to recognize that the dimensionless group, 1 • In justification of their correlations, it was suggested 1, 2) that the dimensionless parameter, Q 2 /gH 5 appearing in Eqs. (1) and (2) , as seen from Fig. 1 ). For example, at the lower extremity (10 Ϫ1 or so), while the gravitational force predominated (note that Froude number is the ratio of the inertial to the gravitational forces), at the other, the gravitational force was considerably smaller than the inertial forces. Interestingly, the largest value of the parameter Q , typical for such ladles flows. In addition to these, their 1, 2) definition produces an estimate of Froude number of about 300-500 for the massive 350 t size industrial ladle, which can hardly be justified, since vessel dimensions were relatively large and the specific gas flow rates small (ϳ0.01 W/kg).
• More importantly, the rationale behind the prescription of a single empirical correlation 2) for a diverse range of operating parameters, pertaining to different gas-liquid systems and different vessel sizes, which has not given sufficient attention in the earlier work, 2) needs to be carefully examined and possibly, justified from some fundamental considerations. On the basis of such, it is therefore naturally important to re-examine the proposed correlations 1, 2) and present a more cohesive analysis of the subject as a whole. It is to these, the present work has been primarily concerned with.
Present Work
A simplified analysis presented in an earlier work 6) has indicated that the ratio of inertial to the gravitational forces (e.g., the Froude number) in buoyancy driven ladles can be expressed via the plume rise velocity, U p and depth of liquid, L (or h) according to: FrϭU p 2 /gh. Embodying an appropriate definition of plume velocity, 7) a first hand estimate of Froude number can be made for the experimental conditions of by Yonezawa and Schwerdtfeger.
1) Such estimates, however, as one would note, can at best be derived for a thin slag situation, since the validity of the plume model, in the presence of an upper buoyant phase, is uncertain. Accordingly, estimates of Froude number, for a dimensionless slag depth, H/hϳ0.014, were found to vary between 0.011 and 0.06 for the cold model and between 0.04 and 0.06, for the 350 t industrial ladle indicating essentially that hydrodynamic conditions in the small scale and industrial size vessels, were very similar. The relatively small values of Froude number in the two systems further imply that the gravitational force in such system is at least an order of magnitude higher than the corresponding inertial forces. This is consistent in view of small intensity of motion (of the order of few cm/s to about a m/s) coupled with larger gravity (g) and a moderate to significant depth of liquid (L) in the two systems. Therefore to avoid ambiguity and confusion as pointed out already, it is appropriate to consider the parameter (Q 2 /gH), as an important dimensionless variable, rather than Froude number for such ladle flows.
With the increase in slag layer thickness, it is to be expected that liquid metal velocity in the system would progressively diminish. 8, 9) Accordingly, the plume velocity would be smaller leading to smaller inertial forces (∞U P 2 )
in the system. As a consequence of such, the viscous forces in the system is likely to assume relatively more importance, relative to the inertial forces, as the volume of the upper phase fluid is increased. Given such, one might anticipate, that fluid dynamics of a gas agitated system, under a thin slag cover is likely to be different from those under thick slag cover. Previous experimental and theoretical work on ladle metallurgy steelmaking operations 10, 11) indicated that flows in gas stirred systems (0.5ՅL/DՅ2.0, nϭ10 Ϫ6 m 2 /s) in the presence of a negligible upper phase, can be considered to be essentially Froude dominated provided the specific energy input rate (ϭgQ/pR 2 ) is of the order 0.01 W/kg. However, first hand estimates suggest that values of specific potential energy input rate at the two smallest gas flow rates 1) (0.05 an 0.1 m 3 /h respectively) are somewhat smaller than 0.01 W/kg. This, as a possibility, indicates that for the two smallest gas flow rates investigated, 1) flow phenomena even in the presence of a seemingly small slag layer thickness (H/hϭ0.014), might not be Froude dominated. With increase in slag layer thickness, the scenario obviously would deteriorate further and therefore, Froude dominated flow would only be plausible at relatively large gas flow rates. The preceding analysis thus appear to indicate that the entire range of experimental conditions investigated 1) might not correspond to a Froude dominated flow regime, as has been anticipated earlier by Yonezawa and Schwerdtfeger 1) as well as Subagyo et al.
2)
Alternatively, for thin slag practice and gas flow rates Ͼ0.1 m 3 /h, flow phenomena in such systems can be taken to be governed by the inertial and gravitational forces (e.g., Froude dominated) and therefore, a relationship between spout eye area and an appropriately defined Froude number can be considered appropriate. Indeed, as has been shown elsewhere, 12) an expression for exposed area of spout covered with a thin slag can be derived from an idealized plume geometry and energy balance considerations and expressed as: 4) In Eq. (4), b is the dimensionless slag layer thickness (ϭH/h) while K 1 is a dimensional constant, the latter being a function of properties of the gas-metal system. 12) As seen from Eq. (4), the dimensionless variable A es /(h+H) 2 is indeed a function of an appropriately defined ladle Froude number, as has been anticipated by Subagyo et al. However, Subagyo et al. correlated A es /(h+H) 2 explicitly with their definition of Froude number disregarding `any influence of slag layer thickness, H/h on the spout eye area for the entire range of experimental conditions. 1) Since the dimensionless slag layer thickness H/h has been assumed to be small, consequently terms associated with b 2 can be ignored and Eq. (4) expanded to be represented in the following limiting form, i.e.,
Equation (5) confirms the earlier supposition and indicates that spout eye area can indeed be characterized in terms of a ladle Froude number, viz., FrϭU p 2 /gh. To demonstrate this, measured plume eye area derived from the Nitrogen-Mercury system 1) is plotted in Fig. 2 for three different slag depths and two different nozzle dimensions. There, along the ordinate instead of (A es /(h+H) 2 ), A es /h 2 has been plotted deliberately since the slag depths are barely 2 % of the bath depth (0.225 m). Evidently, the experimental data points can be fitted reasonably well with inverse of the ladle Froude number i.e., (Fr) Ϫ1 suggesting in favour of the arguments presented so far. It is interesting to note that the fitted straight lines which are specific to a particular dimensionless slag depth, H/h, are practically parallel, confirming that for a given gas-liquid system, A es /(h+H) 2 (ϷA es /h 2 ) is a function of two different dimensionless variables namely, b (ϭH/h) and Fr (ϭU p 2 /gh). Equivalent conclusions would emerge if (A es /(h+H)
2 ) instead of A es /h 2 were plotted along the ordinate. As a first approximation, extending the plume model to asymmetric gas injection configuration, the parameter A es /(h+H) 2 was estimated as a function of (Fr) Ϫ1 for the industrial scale 350 t ladle (H/hϭ0.014). Their mutual dependence is illustrated graphically in the same figure to throw more insight into the cold model and high temperature experimental data. (Note that the scatter of experimental data with respect to the fitted line for the industrial scale ladle is relatively more pronounced since uncertainty in measurements were somewhat high, about Ϯ20 % or so. For example, at Qϭ600 NL/min the reported A es values are 20 600, 17 700 and 21 600 cm 2 respectively.) Remarkably, the fitted straight line exhibits a different slope, despite very similar values of H/h (as in the cold model) suggesting essentially that relationship between A es /(h+H) 2 and (Fr)
Ϫ1
, is not unique and would tend to vary from one gas-liquid system to another. This is so as the constant K 1 in Eqs. (3) and (5), are specific to the geometry and shape of the two phase plume, 12) and hence would be different for different gas-liquid systems. In view of this and the arguments presented above, it is rather difficult to rationalize a single universal correlation between plume eye area, A es /(h+H) 2 and the parameter, Q 2 /gH 5 , as has been suggested by Subagyo et al.
2) The scatter of the experimental data with respect to the fitted line in Fig. 1 , therefore is not totally surprising.
Conclusions
The adequacy and appropriateness of empirical correlations for exposed spout area in ladle metallurgy steelmaking operations have been re-analysed. It is suggested that Froude number for gas stirred ladle system 1, 2) is better represented by U p 2 /gh rather than by Q 2 /gH 5 , as the former definition leads to more meaningful ratios between inertial to gravitational forces in the system. Justifications are provided to suggest that the entire range of experimental conditions investigated by Yonezawa and Schwerdtfeger may not necessarily correspond to the inertial and gravitational force (e.g., Froude) dominated flow regime. Using appropriate discrimination criteria available within the literature, experimental conditions likely to be dominated by Froude number were identified. Based on such, it was shown that experimentally measured plume eye area1 can indeed be characterized in terms of an appropriately defined "ladle Froude number (FrϭU p 2 /gh). Finally, it is pointed out that a single correlation between plume eye area and Froude number, irrespective of vessel sizes and gas liquid systems, cannot be justified from a fundamental stand point. 
